This paper investigates control algorithms for a doubly fed induction generator with a back-to-back three-level neutral-point clamped voltage source converter in medium voltage wind power systems under unbalanced grid conditions. Three different control algorithms to compensate for unbalanced conditions have been investigated with respect to four performance factors; fault ride-through capability, instantaneous active power pulsation, harmonic distortions and torque pulsation. The control algorithm having a zero amplitude of torque ripple shows the most cost-effective performance concerning torque pulsation. The least active power pulsation is produced by the control algorithm that nullifies the oscillating component of the instantaneous stator active and reactive powers. A combination of these two control algorithms depending on the operating requirements and the depth of the grid unbalance presents the most optimized performance factors under generalized unbalanced operating conditions leading to high performance DFIG wind turbine systems.
I. INTRODUCTION
Wind power systems are one of the fastest growing renewable energy sources. Wind power installations have been increasing both in terms of number and size of individual wind turbine units. Among the various types of wind turbine systems, the Doubly Fed Induction Generator (DFIG) is widely used as a wind generator due to its economic requirement of the power converter in the rotor side. Typically a power converter having 25% ~ 30% of the generator rating is employed in the rotor side of a DFIG to meet the variable speed range of a wind turbine.
Because of the direct connection between the stator and the grid, an unbalanced grid voltage causes unbalanced stator currents. The unbalanced currents generate unequal heating of the stator windings and oscillations of the torque and output power resulting in mechanical stress on the drive train and gearbox as well as adverse acoustic noise [1] .
The control methods for a Grid Side Converter (GSC) to eliminate input power oscillations at the grid side of the rotor under an unbalanced input supply have been investigated in past few years. Song and Nam [2] derived dual current control schemes regulating the instantaneous active power under unbalanced input voltage conditions in the dq-synchronous frame. Stankovic and Lipo [3] introduced cases of generalized unbalanced operating conditions. In [4] , Suh and Lipo proposed a method to directly control the instantaneous active power at the poles of a rectifier. The proposed control method in [4] can achieve effective elimination of oscillations under a broad range of unbalanced operating conditions.
The control of the Machine Side Converter (MSC) in DFIG wind power systems with a back-to-back converter to reduce torque pulsation by compensating the rotor current under an unbalanced grid voltage has been studied in [5] and [6] . The active power ripple flowing into the grid and the torque pulsation of the DFIG were reduced by controlling the MSC under unbalanced grid conditions in [7] . Control method to reduce torque pulsation and rotor current harmonics by compensating negative sequence components utilizing either the GSC or MSC was developed in [8] . In [9] - [13] , control methods to eliminate pulsations of torque using the MSC and to compensate oscillation of the active and reactive powers using the GSC were presented.
The field of high power drives has been one of the most active areas of research and development for power electronics in last decade. A variety of multilevel voltage source converter topologies for high power drives have been introduced to the market [14] . Efficiency and system operational reliability are considered to be the key performance factors for large drives [15] . In particular, overall system efficiency is a significant factor because of the growing concern in terms of energy savings and cost. The unbalance compensating control algorithms for wind turbine systems in the MW range should take the key performance factors and peculiar features of high power drive systems, such as relatively low control bandwidth, into consideration. Baier et al. [16] investigated the effect of input unbalance in the case of the multicell topology. However, to date very few studies dealing with practical unbalance compensating control algorithms suitable for the high power converter systems of wind turbines can be found in the literature.
In this paper, three different unbalance compensating control algorithms are compared for medium-voltage wind power system using a DFIG equipped with a back-to-back three-level neutral-point clamped voltage source converter. The problems generated by unbalanced grid conditions such as overcurrent of the stator and rotor, active and reactive power ripples, torque pulsation, and degradation of the THD of the line currents are evaluated. Using the control laws addressed in [4] and [17] , the key performance factors of fault ride-through capability, instantaneous active power pulsation, harmonic distortions, and torque pulsation are investigated with respect to each control algorithm. A cost-effective and most-optimized control algorithm suitable for the DFIG in medium-voltage wind power systems is proposed in this paper.
II. DYNAMIC MODEL OF THE DFIG UNDER UNBALANCED CONDITIONS

A. DFIG Model under Unbalanced Conditions
Under an unbalanced grid voltage, a DFIG can be effectively modeled by using both the positive and negative sequence components of voltages and currents. The positive and negative sequence components for the voltages of the stator and rotor in the synchronous rotating frame are expressed as follows. In this paper, the direction of the stator/rotor current and stator/rotor power are defined using the motor convention, i.e. positive when flowing into the machine winding from the grid. 
The subscripts 's' and 'r' signify the stator and rotor components. The superscript 's' indicates the stationary reference frame. The superscripts 'p' and 'n' indicate the positive and negative sequence components in the CCW-rotating synchronous reference frame and the CW-rotating synchronous reference frame, respectively. Under the assumptions of zero resistive voltage drops and the steady-state condition, (1) and (3) become: 
B. Instantaneous Active and Reactive Power at the Stator
The instantaneous active power of the stator is obtained by taking the real part of the complex power. The instantaneous active power yields the equations of P so , P sc2 , and P ss2 [4] . ( 10) The active (p s ) and reactive (q s ) powers of the stator are to be controlled by the rotor currents in the DFIG system. Hence, the active and reactive powers of the stator need to be represented by the positive and negative sequential components of the rotor current [12] .
C. Output torque
The output torque (T em ) is obtained from the electromagnetic output power, P em . The electromagnetic output power, P em is directly calculated from the energy conversion term of the total output power (P e ). The first control algorithm to be investigated in this paper is the ripple-free stator power control algorithm. This algorithm aims to minimize the ripples of the instantaneous active and reactive powers at the stator. In Section II, the average components of the stator active and reactive powers (P so and Q so ) along with the ripple components of the instantaneous active power at the stator (P sc2 and P ss2 ) are represented by the sequential components of the stator voltage and rotor current. This description is given in (13) and (14) .
Based on (13) and (14), the positive and negative sequential components of the rotor current (I dr p , I qr p , I dr n , and I qr n ) can be calculated from four control laws. 
The first control law is about the average active power of the stator as shown in (15) .
The second control law determines the average reactive power of the stator described in (16) . The average reactive power Q so exchanged between the stator and the grid determines the power factor.
The third and fourth control laws are achieved by setting both P sc2 and P ss2 to zero thereby nullifying the oscillating components of the instantaneous active power at the stator.
The four rotor current components (I dr p , I qr p , I dr n , and I qr n ) are calculated from (15)- (18) . The rotor currents in an explicit form are given in the following.
The entire control block diagram for the MSC is illustrated in Fig. 2 . The current reference calculating block using (19) - (22) to compute the four rotor current components is also employed in Fig. 2 . These four rotor current components are used as reference signals in the dual-frame current regulator for the MSC. Therefore, the operation of CA1 using the current control scheme, as shown in Fig. 2 , ensures that the rotor current has both positive and negative sequential components in the synchronous rotating frame. As a result, the actual rotor current follows these reference values having two frequency terms; the positive slip frequency (ω-ω r ) and the negative slip frequency (ω+ω r ).
B. Zero Torque Ripple Control Algorithm (CA2)
The second control algorithm to be considered in this paper is the zero torque ripple control algorithm (CA2). This control algorithm is designed to minimize the torque ripple at the shaft of a wind turbine. When compared to CA1, CA2 involves the instantaneous electromagnetic output power instead of the stator active power to reduce the torque pulsation under grid unbalance operating conditions.
In Section II, the average component of the electromagnetic output power (P em0 ) along with the ripple components (P ems2 and P emc2 ) are represented by the sequential components of the stator voltage and rotor current as shown in (12) . The governing equation of the reactive power is added to (12) resulting in (23).
In a similar manner to CA1, the positive and negative sequential components of the rotor current (I dr p , I qr p , I dr n , and 
The first control law is about the electromagnetic output power as shown in (24).
The second control law is calculated from the average reactive power of the stator described in (25).
The third and fourth control laws are achieved by setting both P ems2 and P emc2 to zero thereby nullifying the oscillating components of the electromagnetic torque as shown in following. 
The rotor current components are obtained as (28)-(31). These values are used as reference signals in the dual-frame current regulator of a MSC employing CA2.
C. Single-frame Control Algorithm (CA3)
The third control algorithm considered in this paper is the single-frame control algorithm. This algorithm has only one current regulator for the positive sequence components of the rotor currents (I dr p and I qr p ). Therefore, the negative sequential components of the rotor current (I , two conditions; the average active power (P so ) and the average reactive power (Q so ) equations should be satisfied. As a result, the upper two rows in the matrix of (13) hold for CA3.
The three-phase switching modulation functions and the pole voltages of machine side converter (V ar , V br , and V cr ) are set to be balanced in a single-frame controller as shown in (32). This means that the negative sequence components of the rotor current ( I dr n and I qr n ) cannot be regulated resulting in uncontrolled values depending on the depth of the unbalance grid voltages.
IV. SIMULATION RESULT FOR THREE DIFFERENT CONTROL ALGORITHMS
The three different control algorithms are compared with respect to four performance factors; FRT capability, active power pulsation, harmonic distortions, and torque pulsation. The simulation is made based on the operating conditions specified in Table I . The parameters have been adopted from a GE 1.5MW turbine [18] and [19] .
There are many different types of unbalance operating conditions. Among these, the single-phase under-voltage unbalance condition, i.e. type-B in [20] , is the most popular type of unbalance during the single-line fault condition in a grid network. In this paper, the three different control algorithms are compared under this type-B single-phase under-voltage unbalance condition. In order to describe the depth of the unbalance of the type-B condition in a quantitative way, a parameter called the Unbalance Factor (UF) is employed throughout this paper. The UF is the ratio of the amplitude of the unbalanced phase voltage (|V unbal |) to the amplitude of the balanced voltage (|V bal |) as shown in (33). Fig. 3 , a typical grid code on a low voltage ride-through is shown. It is required that the wind turbine system remain connected to the grid under the grid fault conditions corresponding to the region above the red line. In order to effectively evaluate the three unbalance control algorithms, two unbalance factors of 0.9 and 0.5 are selected in the simulation verification. The operation under the unbalance factor of 0.9 can be regarded as a steady-state fault condition irrespective of the LVRT, while the unbalance factor of 0.5 falls into the transient LVRT condition as given in Fig. 3 .
Under the balanced grid network condition, i.e. UF=1, all three different control algorithms, i.e. CA1, CA2, and CA3, show similar performances as expected. The key operational waveforms under the balanced conditions are described in Fig.  4-7 . In Fig. 4 , the stator and rotor currents are illustrated. The frequency spectrums of the stator and rotor currents are shown in Fig. 4 . The instantaneous stator active and reactive powers are obtained and shown in Fig. 5 . The corresponding spectrum of the active and reactive powers are also given in Fig. 5 . Figure 6 shows both the mechanical torque from the blade and the electromagnetic torque from the DFIG. The frequency spectrum of the two torque quantities are described in Fig. 6 .
Under grid voltages of 90% and 50% of the single-phase unbalance, i.e. UF=0.9 and UF=0.5, all three control algorithms are evaluated through simulations. The unbalance conditions of UF=0.9 and UF=0.5 have been assumed to be in the steady-state in order to better analyze the steady-state performance of the control algorithms. The simulation waveforms for CA1 under UF=0.9 are given in Fig. 8-11 . The corresponding simulation waveforms for CA2 and CA3 under UF=0.9 are shown in Fig. 12-15 and Fig. 16-19 , respectively. As in the case of the simulation waveforms for the balanced condition, the waveforms of the same circuit variables are presented for each control algorithm for the sake of comparison among the control algorithms. The simulation results under the condition of UF=0.5 are provided in Fig. 20-28 . The waveforms of each control algorithm are presented in the same format as in UF=0.9.
The reference values of the stator and rotor current utilized in each control algorithm as well as the grid input voltages are summarized in Table II for the case of UF=0.9. Under the balanced grid network, the frequency of the rotor current is equal to the rotor slip frequency, ω -ω r . However, under unbalanced grid conditions, the rotor currents have a negative sequence component of ω + ω r in addition to a positive sequence component of ω-ω r . The performance factors for each control algorithm obtained from the simulations are summarized and presented in Table III for the case of UF=0.9. These factors include the ripple size of the stator active and reactive instantaneous powers at 100Hz, the torque ripple at 100Hz, the peak values of the rotor currents, and the THD of the stator currents. The reference values of the stator and rotor currents and the values of the performance factors for the case of UF=0.5 are summarized in Table IV and V, respectively.
It is noted from Fig. 9 , 13, and 17 that the unbalanced ac grid condition causes the major harmonic component of the instantaneous active and reactive powers at twice the input line frequency, i.e. 100Hz. As mentioned in Section III, CA1 produces the least amount of harmonic component of the instantaneous active and reactive powers among all three control algorithms. It is interesting to note that the ripple sizes of the instantaneous active and reactive powers are the same. This observation is in line with the argument that the instantaneous active and reactive powers have the same ripple size in the time domain [4] . The ripples of the electromagnetic torque for the three different control algorithms are compared in Fig. 10, 14 , and 18. Like the instantaneous active and reactive powers, the dominant harmonic component of the torque is produced at twice the input line frequency under unbalanced operating conditions. Among the three different control algorithms, CA2 generates the lowest amount of harmonic component of the electromagnetic torque as mentioned in Section III. Fault and low voltage ride-through capability is becoming a more and more important performance factor in wind power systems because of the grid-friendly connection requirements on wind farms. In general, DFIG wind power systems suffer a lot from a relatively weak FRT capability due to the absence of a full-rated power converter between the machine and the grid. A typical grid code requires that during voltage sag conditions, wind turbines should continue their power generation and voltage support without tripping the system. The most common failure or shut-down mechanism of DFIG wind power systems under voltage sag conditions is over current triggered trip. This particular unbalance condition, i.e. voltage sag, induces an unbalanced rotor current resulting in a transient overshoot current. From the simulation results, it can be seen that CA2 generates the smallest value of peak rotor current among the three different control algorithms as shown in Table IV been summarized in Fig. 7, 11, 15 , and 19. In every case, the average active power at the rotor side reaches the value of 0.35MW which is 23% of the total rated power of the DFIG.
In this paper, the active power and torque of a DFIG are mainly controlled by the machine-side converter in the back-to-back converter system. Instead, the grid-side converter plays a role in regulating the dc bus and generating reactive power to the grid. In general, the control of this grid-side converter under a grid unbalance can be done as suggested by prior studies [17] . Therefore, the control action on the grid-side converter is not separately treated in this paper. However, in order to understand the complete mechanism of the power flow within the DFIG, the waveforms of the instantaneous active and reactive powers from the grid-side converter to the grid are illustrated in Fig. 29 . The average active power is approximately 0.35MW and the average reactive power is zero, i.e. unity power factor operation. The ripples of both the instantaneous active and reactive powers are maintained to be small as suggested by [17] .
Experimental verification of these control algorithms are 
V. CONCLUSIONS
This paper investigates unbalance compensating control algorithms for a doubly fed induction wind generator employing a back-to-back three-level NPC voltage source converter. The converter and the DFIG are modeled based on the symmetrical components and the dq-synchronous frames under unbalanced grid conditions. Three different control algorithms have been devised based on the instantaneous active and reactive powers of the stator and torque. These algorithms are compared in terms of FRT capability, stator active power ripple, harmonic distortions and torque pulsation. Control algorithm 2, which has the torque ripple set to zero, shows the most optimized and cost-effective performance in terms of torque pulsation. Control algorithm 1, which nullifies the oscillating components of the instantaneous stator active power, surpasses the other two algorithms in terms of the stator active power pulsation. However, as the requirement for the energy factor of the dc link capacitor becomes reinforced due to the other system specifications in high power drives, the impact on the low ripple of the dc link voltage by employing CA1 becomes less apparent. By combining control algorithm 1 and 2 depending on the depth of the grid unbalance, the four performance factors (FRT capability, stator active power pulsation, harmonic distortions, and torque pulsation) can be improved under the generalized unbalanced grid conditions leading to a high performance DFIG wind turbine system.
